c Four Rhodococcus spp. exhibited the ability to use 4,4=-dithiodibutyric acid (DTDB) as a sole carbon source for growth. The most important step for the production of a novel polythioester (PTE) using DTDB as a precursor substrate is the initial cleavage of DTDB. Thus, identification of the enzyme responsible for this step was mandatory. Because Rhodococcus erythropolis strain MI2 serves as a model organism for elucidation of the biodegradation of DTDB, it was used to identify the genes encoding the enzymes involved in DTDB utilization. To identify these genes, transposon mutagenesis of R. erythropolis MI2 was carried out using transposon pTNR-TA. Among 3,261 mutants screened, 8 showed no growth with DTDB as the sole carbon source. In five mutants, the insertion locus was mapped either within a gene coding for a polysaccharide deacetyltransferase, a putative ATPase, or an acetyl coenzyme A transferase, 1 bp upstream of a gene coding for a putative methylase, or 176 bp downstream of a gene coding for a putative kinase. In another mutant, the insertion was localized between genes encoding a putative transcriptional regulator of the TetR family (noxR) and an NADH:flavin oxidoreductase (nox). Moreover, in two other mutants, the insertion loci were mapped within a gene encoding a hypothetical protein in the vicinity of noxR and nox. The interruption mutant generated, R. erythropolis MI2 nox⍀tsr, was unable to grow with DTDB as the sole carbon source. Subsequently, nox was overexpressed and purified, and its activity with DTDB was measured. The specific enzyme activity of Nox amounted to 1.2 ؎ 0.15 U/mg. Therefore, we propose that Nox is responsible for the initial cleavage of DTDB into 2 molecules of 4-mercaptobutyric acid (4MB).
T
he genus Rhodococcus has attracted great interest in recent years due to the ability of many of its species to degrade and transform a wide range of xenobiotic substances (1) . Rhodococci are described as aerobic, Gram-positive, mycolate-containing actinomycetes with high genomic GϩC contents. They have a diverse set of genetic and catabolic features, because of the presence of large linear plasmids in addition to their large chromosomes (2) . The number of publications and patents involving Rhodococcus spp. has increased significantly in recent years (3) .
Rhodococcus spp. have been isolated from a variety of sources. They are ubiquitous in soils contaminated with crude oil and/or other xenobiotic compounds. The ability of Rhodococcus species to degrade substituted hydrocarbons and other chemicals allows them to play a role in the natural degradation and bioremediation of such compounds (4) . Many Rhodococcus species are characterized by broad metabolic diversity and an array of unique enzymatic capabilities; therefore, they are also of interest for pharmaceutical, environmental, chemical, and energy studies. They play a significant role in the process of desulfurization of fossil fuels (5) and in the industrial production of acrylamide (6) . Strains of Rhodococcus erythropolis have been identified as the most promising bacteria for biodesulfurization. For example, strain ATCC 4277 is most effective for the desulfurization of dibenzothiophene (DBT) (7) . Moreover, R. erythropolis CCM2595 is studied as a model strain for the bioremediation of phenol and other aromatic compounds (8) . The complexity of Rhodococcus biology is due to its large genome, which contains a multiplicity of catabolic genes, a sophisticated regulatory network, and a high genetic redundancy of biosynthetic pathways (3) .
Rhodococcus species are highly accessible for investigations, both because they exhibit high growth rates and a simple developmental cycle (9) and because several transposon mutagenesis systems have been established for these bacteria (10) (11) (12) . The transposon-based vector system recently established by Sallam et al. (9, 13) can efficiently generate random mutagenesis when transfected into various Rhodococcus species.
4,4=-Dithiodibutyric acid (DTDB), also known as 3-carboxypropyl disulfide, is a white, solid organic sulfur compound (OSC). This disulfide is used as an alternative monolayer for the manufacture of protein chips that are based on a gold surface (14) , which are then used for the recognition of various sugars by surface-enhanced Raman spectroscopy and cyclic voltammetry (15) .unknown disulfide reductase. The toxicity of 4MB is due to the presence of a free sulfhydryl group that inhibits bacterial growth at concentrations as low as 0.01% (vol/vol). Therefore, to date, 4MB could not be successfully used directly as a PTE precursor (18) .
The second proposed step in the catabolism of DTDB is the oxidation of 4MB into 4-oxo-4-sulfanylbutyric acid by a putative oxygenase enzyme. Finally, 4-oxo-4-sulfanylbutyric acid is presumably desulfurized into succinic acid by a putative desulfhydrase, thus releasing the sulfur moiety as volatile hydrogen sulfide (17) .
Microbially synthesized PTEs are nonbiodegradable polymers containing sulfur in their backbones (19, 20) . PTEs are accumulated in the cytoplasm of some bacterial cells, forming hydrophobic inclusions, such as the well-known polyhydroxyalkanoates (PHAs) (21, 22) . These PTEs have many industrially and scientifically unique characteristics, such as their nonbiodegradability, microstructure, thermal behavior, and diverse mechanical properties, which allow them to be incorporated in various industrial applications (22, 23) .
PTE heteropolymers were detected in Ralstonia eutropha (24, 25) . Later, PTE homopolymers were synthesized in recombinant strains of Escherichia coli and Advenella mimigardefordensis (20, 26, 27) . Although various precursors, different strains, and alternative fermentation strategies were applied, neither homopolymers nor heteropolymers of 4MB could be produced so far (18, 21) . Therefore, the current study provides the first detailed analysis of the catabolism of the promising PTE precursor DTDB by Rhodococcus spp. Moreover, we identified the gene coding for the enzyme that catalyzes the initial cleavage step of DTDB, which is considered to be the first important step for microbial production of poly(4MB). Because poly(4MB) has a backbone of 4 carbons, it is expected that poly(4MB) will show interesting new features, which may allow it to be used in various industrial applications.
MATERIALS AND METHODS
Sulfur-containing chemicals. DTDB and 4MB were purchased from Sigma-Aldrich Chemie (Steinheim, Germany).
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . All Rhodococcus strains investigated for their abilities to utilize DTDB as the sole source of carbon and energy are shown in Table 2 . Rhodococcus strains and transposon-induced mutants of Rhodococcus erythropolis strain MI2 were cultivated aerobically at 30°C in lysogeny broth (LB) medium (28) or in mineral salts medium (MSM) (29, 30) containing the required carbon source. All carbon sources were prepared as filter-sterilized 20% (wt/vol) stock solutions, and the pH was adjusted to 7.0. DTDB was added as a carbon source at concentrations between 20 and 40 mM. Solid medium contained 1.8% (wt/vol) purified agar agar. E. coli strains were cultivated aerobically in LB medium (28) at 37°C. Antibiotics at the following concentrations were added to the required growth medium to maintain plasmids: ampicillin, 75 g/ml; chloramphenicol, 34 g/ml; thiostrepton, 12.5 g/ml; gentamicin, 50 g/ml.
Isolation, amplification, and transfer of DNA. Chromosomal DNAs of the wild-type strain and the transposon-induced mutants were isolated with the DNeasy blood and tissue kit (Qiagen). Plasmid DNA was isolated using the PeqGOLD plasmid miniprep kit I (Peqlab, Erlangen, Germany). DNA fragments were purified from agarose gels by using the PeqGOLD gel extraction kit (Peqlab). DNA polymerases, ligases, and restriction enzymes were used according to the manufacturer's instructions. PCR was conducted in a peqSTAR 2ϫ gradient thermal cycler (Peqlab, Erlangen, Germany) using Phusion high-fidelity DNA polymerase. Oligonucleotides are listed in Table 1 .
Competent cells of Rhodococcus spp. were generated according to the work of Desomer et al. (31) and Kalscheuer et al. (32) . Competent cells of E. coli were prepared and transformed by the CaCl 2 procedure (33) .
DNA sequencing. Sequencing reactions were carried out according to the standard sequencing laboratory protocols of the Seqlab in Göttingen, Germany. Sequencing data were analyzed using the SeqMan, Chromas 1.45, and Bioedit programs, as well as the Basic Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (34) .
FIG 1
Proposed pathway for the degradation of DTDB in R. erythropolis strain MI2. DTDB is initially cleaved by the NADH:flavin oxidoreductase (Nox) into 2 molecules of 4-mercaptobutyric acid, which is then probably oxidized by a putative oxygenase, yielding 4-oxo-4-sulfanylbutyric acid. Afterwards, the sulfur moieties could be removed by a putative desulfhydrase as volatile hydrogen sulfide. The resulting succinic acid is then further metabolized.
Polymer production, extraction, and content analysis. PTEs were produced in MSM supplemented with DTDB and with a reduced nitrogen concentration (0.05% [vol/vol] ) in order to enhance polymer accumulation. Polymer contents and compositions were determined by gas chromatography (GC)-mass spectrometry (MS). Polymers were extracted from freeze-dried cells of Rhodococcus ruber using a Soxhlet apparatus and were then subjected to GC-MS after acid methanolysis (35, 36) . Nuclear magnetic resonance (NMR) analysis was carried out in the NMR spectroscopy laboratory at the Organic Chemistry Institute in the Westfälische Wilhelms-Universität Münster. The NMR experiment was performed on a Varian Unity Plus system with a 600-MHz spectrum for 1 H NMR and a 300-MHz spectrum for 13 C NMR. Utilization of DTDB as a sole sulfur source. In order to study the abilities of Rhodococcus strains to use DTDB as a sole sulfur source, R. erythropolis MI2, R. erythropolis IGTS8, R. erythropolis PR4, and R. ruber cells were grown aerobically at 30°C in a modified MSM in which 2 mM magnesium sulfate was replaced with 1 mM DTDB. The optical density was monitored every 12 h.
Transposon-induced mutagenesis in R. erythropolis MI2 using IS1415. Plasmid pTNR-TA (37) was transferred to R. erythropolis strain MI2 by electroporation. A 400-l volume of chilled competent cells was mixed with 0.5 g pTNR-TA and was preincubated at 40°C for 5 min (32). Electroporation was carried out using a Bio-Rad Gene Pulser Xcell system set at a charging voltage of 2.5 kV, a resistance of 400 ⍀, and a capacitance of 25.0 F in a 2-mm-gap electrocuvette (Peqlab, Erlangen, Germany). Afterwards, the electroporation mixture was suspended in 600 l LB and was incubated for 3 to 4 h at 30°C. Subsequently, the mixture was plated onto LB agar containing 12.5 g/ml thiostrepton and was incubated for 5 days to select thiostrepton-resistant cells. Transposon-induced mutants were transferred in a coordinated pattern to MSM agar plates with 12.5 Analysis of pTNR-TA insertion sites. The genomic DNA of each transposon-induced mutant was extracted, and a straightforward twostep gene walking PCR method was applied (38) . Insertions of IS1415 into the genomes of these mutants were confirmed by PCR using primers hybridizing to the thiostrepton resistance (Ts r ) cassette (forward primer) and inverted repeat 2 (IR2) (reverse primer). Genomic DNA of the wildtype strain was used as a negative control. Homology searches of the interrupted DNA sequences from mutants were conducted by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (34) .
Detection of volatile hydrogen sulfide. Volatile hydrogen sulfide produced by Rhodococcus strains and transposon-induced mutants of R. erythropolis strain MI2 cultivated in the presence of DTDB was detected using lead acetate test strips (Fluka, Steinheim, Germany).
Determination of DTDB degradation intermediates by GC-MS analyses. The degradation intermediates in the cell-free supernatants and freeze-dried cells of wild-type Rhodococcus cultures and transposon-induced mutants of R. erythropolis MI2 were determined by gas chromatographic analyses after acid methylation of the lyophilized samples (35, 36) . The commercially purchased DTDB and 4MB were calibrated after being subjected to methylation and GC-MS analysis.
Construction of nox gene interruption mutants. The target gene was interrupted by cloning the thiostrepton resistance cassette directly into the gene coding for the NADH:flavin oxidoreductase; the resulting nox⍀tsr gene was cloned into the XbaI restriction site of suicide plasmid pJQ200mp18 (see Fig. S1 in the supplemental material). The resulting plasmid was transferred to E. coli TOP10, and selection was carried out on LB agar plates with gentamicin. Subsequently, this plasmid was transferred to R. erythropolis strain MI2 as a recipient strain by electroporation, and the mutant was identified on LB Ts agar plates. The DTDB-negative mutant was cultivated on MSM Ts agar plates supplemented with gluconate as master plates and on MSM Ts agar plates supplemented with DTDB as selection plates to confirm the mutation.
The genotype of R. erythropolis MI2 nox⍀tsr was then verified by PCR using primers binding outside the target gene, yielding an amplified product covering the complete interrupted target gene, while another primer pair binding inside the target gene was suitable for amplifying the fragment of the thiostrepton resistance cassette. All PCR fragments were then confirmed by sequencing.
Preparation of crude extracts. R. erythropolis MI2 cells were first cultivated for 48 h in liquid MSM containing 0.5% (wt/vol) sodium gluconate and then washed, transferred to fresh MSM supplemented with 30 mM DTDB, and cultivated for another 48 h before harvesting. For cell disruption, cells were first suspended in an appropriate amount of buffer (50 mM TrisHCl buffer [pH 8.0] containing 10% glycerol) and then disrupted by sonication (30 Hz, 50% amplitude, 1 min/ml) (Sonopuls HD2200 MS72 system; Bandelin Electronic GmbH & Co. KG, Berlin, Germany). Protein concentrations were determined as described by Bradford (39) .
Cloning, expression, and purification of nox. A PCR for the amplification of nox MI2 was carried out with Phusion high-fidelity DNA polymerase (Thermo Scientific, Schwerte, Germany) using total genomic DNA of R. erythropolis strain MI2 and the oligonucleotides forward-noxNdeI and reverse-nox-XhoI (Table 1 ). The PCR product was isolated from an agarose gel by using the peqGOLD Gel Extraction kit (Peqlab, Erlangen, Germany) according to the manufacturer's instructions. Then nox and the pET23a(ϩ) vector were digested with FastDigest NdeI and XhoI. Ligation was achieved with T4 DNA ligase (Thermo Scientific, Schwerte, Germany). The pET23a(ϩ)::nox expression vector was used for the transformation of E. coli TOP10 cells. Transformants were selected on LB medium containing ampicillin (LB Ap ), and hybrid plasmids were isolated, analyzed by sequencing, and used for the transformation of E. coli BL21(DE3)pLysS cells (Novagen). For expression, BL21 harboring pET23a(ϩ)::nox was cultivated in 50 ml LB Ap overnight at 37°C and 120 rpm. Then 2 ml of the preculture was used to inoculate the main culture consisting of 100 ml autoinduction medium (ZYP) (40) , and the mixture was incubated at 20°C and 120 rpm for approximately 18 h.
Cells were harvested by centrifugation (20 min, 4°C, 4,000 ϫ g), washed twice, and resuspended in disruption buffer (50 mM potassium phosphate buffer [pH 6.5] containing 1 mM dithiothreitol [DTT], 1 mM EDTA, and 0.5 mM phenylmethylsulfonyl fluoride [PMSF] ). Cells were disrupted by a 3-fold passage through a French press (100 times at 10 6 Pa). Lysates with the soluble protein fractions were obtained after centrifugation (1 h, 4°C, 16,000 ϫ g) of the crude extracts and were used for enzyme purification. For purification, the cell-free supernatant obtained was subjected to nickel-nitriloacetate (Ni-NTA) affinity chromatography via HisTrap HP affinity columns (GE Healthcare, Uppsala, Sweden) according to the manufacturer's instructions. Soluble Nox protein was eluted by a buffer containing 300 mM imidazole. Protein concentrations were determined as described by Bradford (39) . The purified protein was used for the enzyme activity assays.
Mass spectrometry and data analysis. Prior to enzyme assay measurements, protein bands, which were bound to HisTrap columns with the overexpressed Nox, were cut from the SDS-PAGE gel and were transferred to 1.5-ml reaction tubes containing 500 l of 10% (vol/vol) acetic acid. Those bands were subjected to matrix-assisted laser desorption ionization-time of flight tandem-MS (MALDI-TOF MS-MS) analysis. The MALDI-TOF MS-MS analysis was performed at the Institute for Microbiology of the ErnstAugust-Arndt University Greifswald (Greifswald, Germany) as described previously (41) by using a 5800 proteomics analyzer (AB Sciex, Framingham, MA, USA). Mass spectrometry data were searched using the Mascot engine (version 2.1.0.4) and were compared with the amino acid sequence of Nox Qualitative enzyme activity assay using Ellman's reagent. According to the method of Ellman (42) , an enzyme reaction mixture with a final volume of 1 ml consisting of 50 mM potassium phosphate buffer (pH 7.0), 0.1 mM 5,5=-dithiobis(2-nitrobenzoic acid) (DTNB), 0.1 mM NADH, 5 mM DTDB, and either 4 g/ml MI2 crude extract or 10 g Nox was incubated in a cuvette for 3 min at room temperature. Finally, the yellow color (ε 412 ϭ 14,150 M Ϫ1 cm Ϫ1 ) (42, 43) could be measured spectrophotometrically at 412 nm. Controls were run without a substrate, without a cofactor (NADH), without an enzyme, or without a crude cell extract from R. erythropolis MI2. The reaction mixtures were subjected to highperformance liquid chromatography (HPLC) analysis in order to analyze the product of the enzyme reaction. As a control reference, a reaction sample with a final volume of 1 ml containing 50 mM Tris-HCl, 0.1 mM DTNB, and 10 mM 4MB was injected into the HPLC system.
Qualitative enzyme activity assay using NADH. The enzyme activity was determined at 30°C by monitoring the decrease in the absorbance at 340 nm due to the oxidation of NADH. The activity was evaluated using the extinction coefficient for NADH of 6.22 mM Ϫ1 cm Ϫ1 . Controls were run without a substrate and without an enzyme. The specific enzyme activity was calculated in units (micromoles per minute) per milligram of protein.
Nucleotide sequence accession numbers. The complete DNA sequences and deduced amino acid sequences for the genes coding for (i) Nox (accession number KT600797), (ii) HipAC (accession number KT600798), (iii) acetyl coenzyme A (CoA) acyltransferase (Act) (accession number KT600799), (iv) adenosine methyltransferase/aminoglycoside phosphotransferase (accession number KT600800), (v) polysaccharide deacetyltransferase (accession number KT600801), and (vi) FtsK and an adjacent hypothetical protein (FtsK/SpoIIIE) (accession number KT600802) of Rhodococcus erythropolis strain MI2 have been deposited in the GenBank database.
RESULTS

Biodegradation of DTDB by available Rhodococcus spp.
To examine the abilities of Rhodococcus strains (Table 2) to utilize DTDB as the sole carbon and energy source, growth experiments were conducted on solid MSM containing different concentrations of DTDB ranging from 10 to 40 mM. According to Wübbeler et al. (17) , R. erythropolis MI2 was the best-investigated strain that grew well in the presence of DTDB. In this study, nine Rhodococcus strains from our strain collection were screened for their abilities to catabolize DTDB. R. erythropolis strain MI2 was able to utilize DTDB for growth, while all eight other strains showed no growth with DTDB as the sole carbon source. These eight strains (Table 2) were subjected to an adaptation phase in liquid MSM containing 10 mM DTDB and 0.5% (wt/vol) sodium gluconate as a second carbon source. Subsequently, R. erythropolis PR4, R. erythropolis IGTS8, and R. ruber were capable of utilizing DTDB as a sole carbon and energy source, but only after an adaptation phase of 10 days in liquid MSM containing the compounds mentioned above (see Fig. S2 in the supplemental material) . However, R. erythropolis strain IGTS8 and strain PR4 lost the ability to grow with DTDB after several subcultivations using DTDB as a sole carbon source, though the cells could be readapted again. These results were confirmed in liquid MSM, where an increase in turbidity was accompanied by a concomitant decrease in the concentration of DTDB, while controls (cultures without an inoculum) showed no decrease in the DTDB concentration.
The metabolic intermediates resulting from the biodegradation of DTDB were determined by GC-MS analysis in lyophilized cell-free supernatants of the four Rhodococcus species that grew with DTDB as the sole carbon source. After 72 h of cultivation, R. erythropolis MI2 had consumed 16.2 Ϯ 0.3 mM DTDB from the 30 mM DTDB initially present. DTDB consumption was slightly delayed in cultures of R. ruber relative to that in R. erythropolis MI2, and it stopped after 36 h of cultivation at a concentration of 16.5 Ϯ 0.6 mM. For R. erythropolis IGTS8 and R. erythropolis PR4, DTDB consumption started after 48 h of cultivation. 4MB was detected as an abundant intermediate in the cell-free supernatant of strain MI2, with a concentration as high as 1.1 mM (see Fig. S3 in the supplemental material).
4-Oxo-4-sulfanylbutyric acid and succinic acid were also detected in the cell-free culture supernatants of the four Rhodococcus strains, with the highest concentrations in the supernatant of strain MI2 (data not shown). Furthermore, no increase in the concentration of sulfite was detected in any of the cultures. Instead, the release of volatile hydrogen sulfide was detected.
Utilization of DTDB as a sulfur source. To determine the abilities of R. erythropolis MI2, R. erythropolis PR4, R. erythropolis IGTS8, and R. ruber to utilize DTDB as a sole sulfur source, growth experiments were conducted in liquid MSM containing 1 mM DTDB instead of 2 mM magnesium sulfate. The results showed increases in turbidity (optical density) in the cultures of all four Rhodococcus strains investigated, while controls (cultures without any sulfur source) did not show growth (see Fig. S4 in the supplemental material).
Polyester accumulation. R. erythropolis strains MI2, PR4, and IGTS8 and R. ruber were investigated for their abilities to accumulate polyhydroxyalkanoates (PHAs). The cells were incubated in nitrogen-limited MSM containing DTDB either as the sole carbon source or together with sodium succinate or sodium lactate as a second carbon source. GC-MS analysis of the freeze-dried cells of all Rhodococcus strains investigated showed that only R. ruber accumulated PHAs when growing in a medium containing DTDB plus sodium succinate or sodium lactate. No PHAs were accumulated when R. ruber cells grew on DTDB as the sole carbon source. GC-MS analysis of the purified PHA showed that the polymer consisted of 3-hydroxybutyric acid (3HB) and 3-hydroxyvaleric acid (3HV), as shown in Fig. S5A and B in the supplemental material. The structure of the polymer was confirmed by NMR analysis (data not shown). Mercaptoalkanoic acids, such as 4-mercaptobutyric acid, were not incorporated by any of the strains investigated.
Isolation and phenotypic characterization of transposon-induced mutants. R. erythropolis strain MI2 was chosen for further studies due to its high and stable ability to degrade DTDB and its susceptibility to thiostrepton. Strain MI2 was subjected to transposon mutagenesis employing the pTNR-TA vector (13, 37) , which confers thiostrepton resistance on the recipient. This mutagenesis was aimed at generating mutants with defective growth on DTDB in order to elucidate the catabolism of DTDB.
Among about 3,261 mutants screened, 8 showed no growth with DTDB as the sole carbon source when cultivated on MSM agar plates; these were referred to as DTDB-negative mutants. The abilities of the wild type and the transposon-induced mutants to utilize 49 carbon sources were also tested and compared. Both the wild type and the mutants showed largely similar growth profiles on all sugars tested (see Table S1 in the supplemental material).
Analysis of pTNR insertion sites. The mutants were analyzed at a molecular level. The results of sequence analyses and homologies obtained from the GenBank database are summarized and graphically illustrated in Fig. 2 . This figure also provides the array of the coding DNA sequence (CDS) including the transposon insertion loci. The genotypic characterization of IS1415-induced mutants of R. erythropolis MI2 defective in the utilization of DTDB is shown in Table S2 in the supplemental material.
The amino acid sequence of a putative translational product deduced from the pTNR-TA insertion locus in one of the DTDB-negative mutants (HK1) exhibited 98.9% identity to the transcriptional regulator encoded by tetR (locus tag O5Y-28895) in R. erythropolis CCM2595, which regulates the expression of a cluster of genes coding for an NADH:flavin oxidoreductase and a thioredoxin reductase. Amplification and sequence analyses of the region upstream of the transcriptional regulator showed two genes with 99.0% amino acid identity to an NADH:flavin oxidoreductase (locus tag O5Y-28900) and 98.8% sequence identity to a thioredoxin reductase (locus tag O5Y-28905) from R. erythropolis CCM2595, respectively (Fig. 2) .
The first flavin-dependent enzyme characterized was the old yellow enzyme (OYE)-like FMN (flavin mononucleotide) binding domain. Its physiological function is still unknown. Each monomer of OYE contains FMN as a noncovalently bound cofactor. NAD(P)H is used as a reducing agent in the presence of oxygen, quinones, and ␣,␤-unsaturated aldehydes and ketones (44) . In two mutants (HK3 and HK5), the pTNR-TA insertion loci were mapped twice in a gene coding for a hypothetical protein in the vicinity of nox (Fig. 2) .
In the genome of mutant HK2, the transposon was localized 176 bp downstream of a gene coding for a protein kinase family (Hip A-C) that is a member of a group of enzymes involved in cellular functions such as cell growth, proliferation, differentiation, motility, survival, and intracellular trafficking (45) . In mutant HK4, the transposon locus was mapped in a gene encoding a putative acetyl-CoA acetyltransferase (EC 2.3.1.16 ). This acetylCoA acyltransferase belongs to the thiolase family, members of which catalyze the final step in fatty acid beta oxidation (46) . In mutant HK6, the transposon insertion was localized 1 bp upstream of a gene coding for a tRNA G18 (ribose-2-O)-methyltransferase, whereas in mutant HK7, it was detected in a gene coding for a polysaccharide deacetyltransferase. The latter is an enzyme belonging to the family of hydrolases, specifically to those acting on carboxylic ester bonds (47) (Fig. 2) . Sequence analyses of the pTNR-TA insertion locus in the genome of mutant HK8 showed similarity to a gene encoding an FtsK/SpoIII ATPase superfamily protein with 76% amino acid identity to the corresponding protein in R. erythropolis PR4 (Fig. 2) . The FtsK domain, which is also called the bacterial cell division protein, contains a highly conserved putative ATP-binding P-loop cytoplasmic motif (48) .
DTDB degradation intermediates.
To compare the intermediates that eventually accumulate during the catabolism of DTDB, all eight mutants and the wild-type R. erythropolis strain MI2 were cultivated in MSM containing 0.5% (wt/vol) sodium gluconate as a utilizable carbon source (preculture). The cells were then harvested by centrifugation after 48 h, washed, and transferred to MSM containing 0.5% (wt/vol) sodium gluconate plus 30 mM DTDB (main culture). Samples were taken every 12 h, and the cell-free supernatants obtained were subjected to GC-MS analyses. After 72 h of cultivation, the wild type had consumed all the DTDB. In all mutants, DTDB consumption occurred with some delay, and no further degradation was noticed after 36 h of cultivation. However, between 24 and 36 h of cultivation, a significant decrease in the DTDB concentration in the mutants was observed (data not shown).
4MB, which is the product of symmetrical cleavage of DTDB, was detected in the supernatants of both the wild type and the transposon-induced mutants (Fig. 3A) . As also described by Wüb-beler et al. (17) , a considerable amount of 4-oxo-4-sulfanylbutyric acid was detected in the culture supernatants of the wild type and the transposon-induced mutants (Fig. 3B) . In HK8 only, 4-oxo-4-sulfanylbutyric acid was detected at a very low concentration, which may indicate that the mutant cell could not oxidize 4MB that had accumulated in the culture supernatant, resulting in very slow growth of HK8. Moreover, succinic acid was detected inside the wild-type cells at a very low concentration (0.1 mM). However, among the transposon-induced mutants, succinic acid was detected only inside the cells of HK2, HK4, HK6, and HK7, at concentrations ranging from 0.04 to 0.06 mM. Moreover, it was detected at very low concentrations in the cell-free supernatants of the same mutants after 12 h of cultivation (data not shown).
Furthermore, volatile hydrogen sulfide was detected in cultures of the transposon-induced mutants and the wild type, as evidenced by the occurrence of a black precipitate on the test strips due to the conversion of lead(II) acetate into lead(II) sulfide. No hydrogen sulfide was detected in cells cultivated in a medium supplemented only with sodium gluconate. Interruption of nox in R. erythropolis strain MI2. In mutant HK1, the pTNR-TA insertion locus was localized 6 bp upstream of the gene encoding the putative transcriptional regulator (NoxR) of a gene cluster encoding the NADH:flavin oxidoreductase. This enzyme was a reasonable candidate for the initial step of DTDB catabolism. Therefore, a defined gene interruption mutant, R. erythropolis MI2 nox⍀tsr, was generated. In contrast to the wild type, this mutant did not grow if DTDB was offered as the sole carbon source. Growth experiments were carried out in parallel with the wild type and R. erythropolis nox⍀tsr in MSM containing 0.5% (wt/vol) sodium gluconate plus 30 mM DTDB. Both the wild type and the nox⍀tsr mutant exhibited growth. Interestingly, no DTDB was utilized, and no intermediates were detected, by R. erythropolis nox⍀tsr, in contrast to the wild type, which consumed all available DTDB within -oxo-4-sulfanylbutyric acid is not commercially available, it could not be used as a control, as a standard, or for calibration. Therefore, detection of this compound is shown as the "peak area" depending on the respective signal intensity. 72 h (Fig. 4) . These results suggested that Nox is probably responsible for the cleavage of DTDB into two 4MB molecules.
Heterologous expression and purification of soluble Nox. For the production of Nox protein, several E. coli strains and expression techniques were tested. To yield soluble Nox, E. coli strain BL21(DE3)pLysS was used, but most of the expressed protein was still insoluble (see Fig. S6 in the supplemental material) . The overexpressed His-tagged Nox (Nox-His 6 ) was purified using several HisTrap columns and several washing and elution protocols and was observed on an SDS-PAGE gel. In addition to Nox, three other protein bands were present in the elution fraction (see Fig. S6, lane 5) . These three protein bands were subjected to MALDI-TOF MS-MS analysis and were identified as periplasmic proteins from E. coli: (i) a bifunctional polymyxin resistance protein with a molecular mass of 74 kDa; (ii) OmpF (molecular mass, 39 kDa), an outer membrane protein; and (iii) a catabolic gene activator protein (CAP) with a molecular mass of 23 kDa. The apparent molecular mass of Nox (ϳ44 kDa) agreed with its expected molecular mass (see Fig. S6 ).
Enzyme activity assays with a crude extract of strain MI2 and Nox. After overexpression of Nox as a His 6 -tagged fusion protein in E. coli, an enzyme activity assay was carried out using DTDB as the substrate in the presence of the cofactor NADH and Ellman's reagent. DTNB reacts with the free thiol group of 4MB, which results from the cleavage of DTDB in the presence of active enzyme. This reaction gave a yellow solution consisting of 2-nitro-5-thiobenzoic acid (TNB Ϫ ) and 4MB, indicating the following reaction:
The reaction between DTNB and 4MB was confirmed by HPLC analysis. There was an increase in absorbance at 412 nm when the crude cell extract of MI2 containing Nox or the purified Nox-His 6 fusion protein was added to the reaction mixture. However, when either the substrate DTDB, the enzyme Nox, or the cofactor NADH was omitted, no increase in the absorbance at 412 nm or at 340 nm was observed. Moreover, HPLC analysis of the reaction samples at the end of the enzyme assay confirmed the presence of TNB-4MB (as in the reaction presented above) only if the active enzyme was present (Fig. 5A and B) . The specific enzyme activities were determined using the crude cell extract of strain MI2 and Nox-His 6 . Nox was highly specific for NADH, and no reaction was observed if NADPH was added as a cofactor. The specific activity of the elution fraction containing Nox was 1.2 Ϯ 0.15 U/mg protein, and the specific activity in the crude extract of strain MI2 was 0.1902 Ϯ 0.12 U/mg.
DISCUSSION
R. erythropolis strains MI2, PR4, and IGTS8 and R. ruber were all able to catabolize DTDB and to use it as the sole carbon and energy source. Thus, these Rhodococcus species possess the enzymatic machinery for the utilization of DTDB. Many strains of R. erythropolis are metabolically flexible and able to perform reactions such as oxidations, dehydrogenations, epoxidations, dehalogenations, hydrolysis, and hydroxylations due to a diverse set of enzymes (49) . In addition, all members of the genus Rhodococcus have the capacity to cleave sulfur-sulfur bonds. R. erythropolis IGTS8 is used to study the microbial desulfurization of fossil fuels (50); however, in order to catabolize DTDB, it requires an adaptation phase. Moreover, the efficiency of DTDB degradation was lower in R. erythropolis IGTS8, R. erythropolis PR4, and R. ruber than in R. erythropolis MI2 (see Fig. S3 in the supplemental material) .
R. erythropolis CCM2595 is used for the bioremediation of phenol and other aromatic compounds, and the enzymes involved in the phenol degradation pathway are induced only when phenol is present in the culture medium (8) . Necessary genes encoding enzymes for the metabolization of most carbon sources are expressed via the induction of specific operons, which are mostly induced by the substrate itself, when bacterial cells come into con- , increase in the optical density of a culture of R. erythropolis strain MI2; , increase in the optical density of a culture of R. erythropolis MI2 nox⍀tsr; OE, consumption of DTDB as the sole carbon source by R. erythropolis strain MI2; ᮀ, concentration of DTDB in a culture of R. erythropolis MI2 nox⍀tsr.
tact with this carbon source (51) . Based on these considerations, the enzyme involved in DTDB degradation is assumed to be induced in the presence of DTDB.
R. erythropolis strains IGTS8 and PR4 showed a long adaptation phase and degraded DTDB at a low rate. Additionally, they lost the ability to degrade the xenobiotic compound after several subcultivations on DTDB as the sole carbon source. In R. erythropolis IGTS8, the expression of the desulfurization genes (dsz), which catalyze the degradation of benzothiophene (BT) or dibenzothiophene (DBT), is repressed by the presence or accumulation of some metabolites, such as sulfate, methionine, and cysteine (52) . It is possible that in R. erythropolis strains IGTS8 and PR4 also, the presence or accumulation of the DTDB degradation intermediates could repress the catabolic pathway and eventually cause the loss of the ability to degrade DTDB in these strains.
Moreover, R. erythropolis strains MI2, PR4, and IGTS8 and R. ruber were all able to utilize DTDB as a sole sulfur source (see Fig.  S4 in the supplemental material). Many Rhodococcus spp. have the ability to utilize DBT as a sole sulfur source without cleaving its carbon-carbon backbone. This sulfur-specific pathway has been extensively studied in two R. erythropolis strains, IGTS8 and D-1 (53, 54) . Also, the genes coding for the enzymes involved in the DBT desulfurization process were determined and sequenced in strain IGTS8 (55) (56) (57) .
As mentioned above, DTDB is considered to be a promising PTE precursor substrate for the synthesis of poly(4MB). The three strains of R. erythropolis with the ability to utilize DTDB as the sole carbon source were unable to produce PHAs or PTEs. The PHA synthase structural gene of R. ruber (phbC Rr ) was the first identified PHA synthase gene of a Gram-positive bacterium (58). R. ruber was able to synthesize the copolyester poly(3HB-co-3HV) and the terpolyester poly(3HB-co-3HV-co-3HPi) when the cells were cultivated in the presence of 3-hydroxypivalic acid (3HPi) as the sole carbon source or with a second carbon source, such as glucose (59) . Although R. ruber utilizes DTDB as a sole carbon source, it was unable to produce homopolymers or copolymers containing 4MB as a building block. When R. ruber was cultivated in the presence of DTDB plus sodium lactate as a second carbon source, it produced the copolymer poly(3HB-co-3HV), as shown in Fig. S5A in the supplemental material.
According to the DTDB degradation pathway proposed previously (17) (Fig. 1) , the initial step is the reduction of the disulfide bond, resulting in the formation of two 4MB molecules. The formation of 4MB in cell-free supernatants was confirmed by GC-MS analyses (see Fig. S3 in the supplemental material). Sequence analysis of the genomic region in the vicinity of the transposon insertion in HK1 showed a gene (nox) coding for an NADH:flavin oxidoreductase, which is most likely the enzyme catalyzing the initial cleavage of DTDB. The nox⍀tsr interruption mutant confirmed that the enzyme encoded by this gene is mandatory for DTDB catabolism. Whereas R. erythropolis MI2 nox⍀tsr completely lost the ability to catalyze DTDB (Fig. 4), HK1 (Fig. 2) exhibited only a delay in DTDB consumption. These results showed very clearly that the disruption of nox resulted in a complete loss of DTDB degradation.
Nox is a member of the OYE family, which is a member of the flavin mononucleotide (FMN) binding domain family. Members of the OYE family are characterized by their ability to catalyze a diverse range of transformations. Despite this, the true physiological role of OYE members remains a mystery (60) . All OYEs can act as electron acceptors in a catalytic reaction (61) . Many compounds structurally related to DTDB and linked by disulfide bonds are catalyzed by flavoprotein disulfide reductases (62) , such as the dihydrolipoamide dehydrogenases (44) from Advenella mimigardefordensis strain DPN7 T (LpdA Am ) and Ralstonia eutropha H16 (PdhL Re ). Both catalyze the cleavage of the disulfide 3,3=-dithiodipropionic acid (DTDP) into 2 molecules of 3-mercaptopropionic acid (3MP) (63) .
Flavoprotein oxidases catalyze 2-electron oxidations of a wide variety of substrates, including amines and alcohols. For example, the flavoprotein putrescine oxidase from R. erythropolis PuO catalyzes an oxidative deamination of the aliphatic diamine (64) . The completely sequenced genome of Rhodococcus jostii RHA1 (65) encodes about 1,085 oxidoreductases. This large number reflects the abundance of members of this enzyme class in all sequenced genomes of Rhodococcus species. To summarize all these findings, Nox is most likely the enzyme cleaving the sulfur-sulfur bond of the DTDB in R. erythropolis MI2, as confirmed by the enzymatic in vitro analysis employing the purified enzyme.
4MB is a highly toxic mercaptoalkanoic acid, more toxic than other mercaptoalkanoates, as documented during studies on the synthesis of PTEs (16, 18) . In the present study, low concentrations of 4MB were detected in the culture supernatants of the HK1, HK5, and HK3 mutants (Fig. 3A) , in which the transposon insertion loci were mapped in three different locations in the vicinity of nox. The oxidation of 4MB to 4-oxo-4-sulfanylbutyric acid is the second proposed step in DTDB catabolism. This reaction is performed by a putative oxygenase. The high toxicity of 4MB is due to the sulfhydryl group, since a concentration of only 0.01% (vol/vol) 4MB is sufficient to inhibit bacterial growth (18); hence, its oxidation is probably a very important step for the survival of the bacterial cells.
4-Oxo-4-sulfanylbutyric acid was detected in the culture supernatants of both the wild-type strain and the transposon-induced mutants. On the other hand, no intermediates were detected in R. erythropolis MI2 nox⍀tsr.
In conclusion, R. erythropolis MI2 nox⍀tsr cannot cleave DTDB, whether DTDB is used as the sole carbon source or with a second carbon source. The eight transposon-induced mutants showed a DTDB-negative phenotype with DTDB as the sole carbon source. However, these mutants can utilize DTDB partially if another carbon source is also available. This finding may indicate the presence of residual expression of the genes involved in DTDB degradation in the transposon-induced mutants. The final step in DTDB degradation is the conversion of 4-oxo-4-sulfanylbutyric acid into succinic acid, which is then further metabolized in the central citric acid cycle (17) .
Since Nox MI2 possibly represents the key enzyme in the degradation of DTDB, it was cloned, overexpressed, and characterized. Nox MI2 consists of 403 amino acids and has a calculated molecular mass of 43.573 kDa (isotopically averaged) and a calculated pI of 8.76. The instability index (II) is 44.07, and the grand average of hydropathicity (GRAVY) is 0.044, which classifies this protein as unstably hydrophobic. The contaminating proteins identified in the elution fraction should not be able to cleave DTDB. The first protein was identified as a bifunctional polymyxin resistance protein. This protein is found in most Gram-negative bacteria and catalyzes the decarboxylation of UDP-glucuronic acid to UDP-4-keto-arabinose by adding a formyl group. The modified arabinose, which is then attached to lipid A, is essential for resistance to cationic antimicrobial peptides such as polymyxin (66) (67) (68) . The second protein is an outer membrane protein (OmpF), and its function is limited to the passive diffusion of small molecules across the outer membrane pores (69) . Finally, the third protein was identified as a catabolic gene activator protein (CAP) that acts as a global transcription regulator. The CAP plays a major role in carbon catabolite repression (CCR) (70) . Taking into account the modes of action of the E. coli proteins identified, they are probably not involved in the cleavage of DTDB.
The key enzyme for microbial desulfurization of dibenzothiophene in R. erythropolis IGTS8 and R. erythropolis D-1 is an NADH-dependent FMN oxidoreductase (DszD). This enzyme was overexpressed, purified, and characterized in previous studies (71, 72) , and the specific enzyme activity of the purified flavin reductase from strain D-1 was measured (122 U/mg) (71) . On the other hand, the soluble NADH:flavin oxidoreductase (StyB) from Pseudomonas putida strain SN1 catalyzes styrene with a maximum specific activity (V max ) of 1,867 U/mg (73) . Moreover, the disulfide reductase from Achromobacter starkeyi has a specific activity of 1.18 U/mg when catalyzing DTNB or glutathione and was observed to have a higher affinity for DTNB than for glutathione (74) . In agreement with observations in other studies, flavin oxidoreductases include many enzymes, which catalyze the initial degradation steps of a wide range of natural and xenobiotic substrates. Oxidoreductases that catalyze natural substrates, such as styrene, perform such reactions with relatively high enzymatic activities. In contrast, for oxidoreductases that catalyze the degradation of xenobiotic compounds, such as DTNB and DTDB, the specific activity is usually much lower.
To substantiate the involvement of Nox in the proposed initial step of DTDB degradation, further studies on Nox MI2 are in progress. Because R. erythropolis strain MI2 shows a high and stable capacity for DTDB degradation, successful heterologous expression of the BPEC (butyrate kinase [Buk] , phosphotransbutyrylase [Ptb] , PHA synthase [PhaE and PhaC]) pathway (75) or the PHA synthase genes of R. ruber (58) in a genetically engineered R. erythropolis strain could yield poly(4MB). The accumulation of 4MB inside R. erythropolis MI2 cells through deletion of the gene encoding the oxygenase, enhancement of Nox activity, and overexpression of PHA synthases from R. ruber by using the pTip QC2 expression vector (76) for expressing recombinant proteins in R. erythropolis could be a promising step toward the production of poly(4MB).
